Ethanol is generally considered to be a renewable energy source and is in principle a greener alternative to conventional fossil fuels. During the last few decades production of ethanol on a large scale has achieved remarkable escalation mainly due to its flexible application and high demand. Nevertheless robust technologies are yet to be established focusing on the exploitation of lignocellulosic material and waste. Sugar cane processes for ethanol or sugar production provide as waste bagasse -approximately 250-280 kg of bagasse per ton of sugar cane. This solid residue of the cane milling process has, in most cases, been misused so far. If it is not disposed to land, it is either sold as animal feed or used in a rather inefficient way to cover the domestic energy needs of the local residents.
INTRODUCTION
Production of bio-based fuels from non-finite sources is crucial for meeting increasing world demand for transportation fuels and an essential element of the long term energy mix.
Research on biomass conversion routes derives from the very true fact that, technically, biofuels are able to replace oil derived fuels in all types of transportation, including as well aviation and ship fuels, most of which cannot be motorised by other renewable sources within the foreseeable future. Nevertheless significant and vital scientific and technical innovations are still needed in order to establish a commercially feasible and environmentally secure biomass sector, consisting of proper utilization of available feedstocks, enrichments in terms of production design and quality of the final product and development of a reliable supply chain 1 . Fermentation is a biochemical procedure in which sugars such as glucose, fructose, xylose, arabinose and sucrose are converted into alcohols, acids or gases. This metabolic process encompasses the utilisation of microorganisms such as yeast, bacteria and filamentous fungi. Lignocellulosic biomass primarily comprises of cellulose, hemicellulose and lignin. Sugars are derived from cellulose (a polymer of glucose) and hemicellulose (a polymer of xylose) material while lignin can be exploited in a steam cycle 2, 3 . Key stages involved in this process can be categorised as follows 4 :
1. Pre-treatment and hemicellulose hydrolysis to pentoses (C 5 ) sugars.
2. Detoxification of hydrolysates through over liming 3. Cellulose hydrolysis to obtain hexoses (C 6 ) sugars. 4 . Fermentation of sugars to alcohols. 5 . Recovery of anhydrous ethanol.
Exploitation of lignin in a steam turbine cycle
The usage of ethanol as a fuel in conventional motor engines, either alone or as an additive to gasoline, has received notable consideration typically due to its potential environmental benefits over petroleum fuel. Anhydrous ethanol is usually blended with gasoline in various ratios so as to decrease the consumption of fossil fuels, along with reducing atmospheric contamination. The main drawback of ethanol compared to other fuels is its moderately low heating value. Production of cellulosic ethanol has received noteworthy attention during recent years. Sugar cane milling generates significant amounts of bagasse residue, a lignocellulosic material that can potentially be used as feedstock for biofuels production. This study explores the feasibility of several bagasse to ethanol routes by comparing possible alternatives at various steps within the process. Different approaches have been proposed for the biochemical conversion route (Figure 1 ) mainly related to alternative pre-treatment and fermentation sections. In this study liquid hot water (LHW) and dilute acid pre-treatments were investigated since, apart from breaking down the lignin structure, conversion of hemicellulose to C 5 sugars is also achieved. The main trends in the fermentation section can be classified based on whether hydrolysis and fermentation take place in a single operation or separately and whether C 5 and C 6 sugars are co-fermented or not. In particular, the efficiency of separate hydrolysis with (SHcF) and without (SHF) (co-)fermentation, simultaneous saccharification with (SScF) and without (SSF) (co-)fermentation and continuous fermentation pathways have been tested and compared. Furthermore the profitability of onsite production of enzymes has been examined. Bagasse chemical composition is depicted in Table 1 and it was assumed that cellulose and hemicellulose consist only of glucan and xylan respectively. 
PREREATMENT SECTION
Hydrolysis of hemicellulose occurs by engaging several methods such as acid (HCl, H 2 SO 4 ), steam explosion, CO 2 explosion, thermal, enzymatic, alkaline, organic solvents and hot liquid water. The main goal is to break down the lignin structure to render the holocellulose accessible to the enzymes 6 . Recent developments have proposed the employment of hydrogen peroxide 7 as an alternative impregnating agent for steam pretreatment (it can potentially endorse cellulose hydrolysis utilizing lower amount of enzymes) and ionic liquid 8 pretreatment enhanced with a low concentration acid catalyst to promote the removal of both xylan and lignin. These approaches are, however, still at lab scale and their kinetics have not yet been studied exhaustively. In this study, two different pretreatment methods were explored and tested. The two candidates are liquid hot water (LHW) -a promising
technology but yet to be established on an industrial basis and dilute acid (the most conventional method nowadays) with H 2 SO 4 solution (2% w/w). The kinetic models have been adapted from relevant literature 9,10 and based on these the technoeconomic analysis of the pretreatment section was carried out. The reaction scheme of these kinetic models assumes that xylan is degraded to xylose which in sequence is decomposed to degradation products (only furfural was taken into consideration). The LHW process takes place in a plug-flow reactor while the dilute acid uses a Batch Stirred reactor. Xylose can be recovered from both processes at high yields. Table 2 illustrates the main outcomes of the two processes. Dilute acid attains higher conversion of hemicellulose compared to LHW, but produces acid inhibitors making the addition of one more step (neutralization) essential. On the other hand the energy consumption linked with LHW increases the overall cost of the process leading to the conclusion that the dilute acid method is more attractive than LHW.
Hemicellulose hydrolysates have to be detoxified mainly from the sulfuric acid which is partially eliminated after reacting with ammonia and Ca(OH) 2 . The gypsum produced in this treatment is separated via a solid liquid separator. 
CELLULOSE HYDROLYSIS
Hydrolysis of cellulose to C 6 sugars can be catalysed either by acids or enzymes.
Undoubtedly enzymatic hydrolysis is the dominant one due to high sugar yields, low operating costs and avoidance of inhibitors production. The main products of enzymatic hydrolysis of cellulose are glucose and cellobiose and it takes place under mild conditions; temperature of 50°C and pH of 5. In spite of the above-mentioned advantages, enzymatic
hydrolysis is yet to achieve commercial success due to high enzyme costs 11 . The participating reactions can be summarized as follows:
The molecular formula of cellulose (C 6 H 10 O 5 ) n was found in a component database developed by the National Renewable Energy Laboratory (NREL) 12 . The kinetic model developed by Peri et al. 13 has been used in this study and the kinetic parameters determined by fitting the model to experimental data 5 . The temperature was set to 50°C and the enzyme concentration to 3.22 g/L.
ENZYMES PRODUCTION
At this point the cost of producing hydrolytic enzymes on-site will be examined and compared with the commercial price. Cellulases are produced aerobically, via submerged fermentation, using the fungus Trichoderma reesei growing directly on the bagasse and recovered via vacuum and ultra-filtration. Trichoderma harzianum could also provide a feasible alternative for cellulase and xylanase production, in a short culture time, but the glucose yields from cellulose hydrolysis are quite low 14 (~60%). Despite the fact, that recent studies have shown that enzymes can be produced at lower costs from solid state fermentation of Aspergillus niger strains 15 , in this study the design of the enzyme production step was based on a report published by the NREL, due to its sufficient kinetic data 16 . Treesei fungus is cultivated aerobically on glucose in three in series bio-reactors in a media consisting of corn liquor, ammonium sulphate, magnesium sulphate, calcium chloride, potassium dihydrogen phosphate and ammonium hydroxide. The broth of the seed bioreactors is sent to the main the fermentor where cellulases are aerobically produced using this time as substrate cellulose. The process was designed on the basis that 20mg of cellulase can hydrolyse 1g of cellulose. In our case we need to produce 385 kg/h of cellulase. Table 3 presents the key process data, both technical and financial. The production cost of cellulase was found to be £0.12 per litre of ethanol produced which is much higher than the commercial price (=0.017 £/L of EtOH 17 ). Therefore on-site production would not, currently, appear to be competitive. 
Where S is the concentration of glucose, xylose or a mixture of both. Finally continuous co-fermentation takes place in two CSTRs in series 21 with a recycle ratio of four (Equations 8-10). Obviously the fermentation section will also affect the design of the purification zone.
In our case the extractive distillation option (using ethylene-glycol as solvent) has been selected and utilises four distillation columns. Furthermore the bottom stream of the first distillation column is sent to a multi-effect evaporator unit to separate water from the other components (mainly unfermented sugars). This stream is mixed with lignin and residues of cellulose and hemicellulose and enters a steam cycle unit. Of the options, SScF achieves lower energy demands and lower costs for ethanol recovery. The techno-economic assessment suggests, as depicted in Table 4 , that the most feasible pathway is SHcF. The main advantage of SHcF compared to SSF or SScF processes is that hydrolysis and fermentation take place at their own optimal conditions and with respect to SHF, there is increased productivity due to lower overall reactor volume. 
DISCUSSION
In principle, the optimal pretreatment conditions in an SSF procedure are the same as those of an SHF procedure 22 . The main advantages of conducting the enzymatic hydrolysis in conjunction with the fermentation, rather than in a separate step after the hydrolysis are the reduced end-product inhibition of the enzymatic hydrolysis, and the reduced capital costs.
The main disadvantages, on the contrary, are the necessity to determine conditions which favour both hydrolysis and fermentation (e.g. temperature and pH) and the bottleneck to recycle the fermenting organism 22 . These drawbacks highly affect the ethanol yields and in sequence the productivity and the production cost. SS(c)F processes can attain higher ethanol concentration with increased substrate loading. The best way to achieve this, is through stepwise addition of substrate and therefore operation at fed-batch mode 23 . Furthermore recent studies have shown that SScF processes can perform well at low enzyme loading 24
which will lead to significantly reduced production cost. However these technologies are yet to be established on a large scale and thereby at the current technological status SH(c)F processes are more profitable. Continuous fermentation can decrease the substrate and product inhibitory effects and along with the reduced working value results in high productivities 25 . The constraint of this approach is that the dilution rate cannot be greater than the specific growth rate thus the overall ethanol yield is lower compared to the other alternatives. Additionally, aeration is essential to maintain the cell viability but this increases the operating cost of the process and negatively affects the energy efficiency 26 . Finally contamination is less likely to occur in SHF processes due to the fact that saccharification can operate under conditions that do not enhance contaminant growth and the shorter fermentation time with sugars and bacterial contaminants 27 .
Nowadays, several studies focus on identifying the conditions that would improve the efficiency of SS(c)F processes. Most efforts concentrate on developing microorganisms that would increase ethanol productivity and reducing the enzyme loading 22 . Taking all the above comments into consideration we conducted a sensitivity analysis on the production cost of each alternative by varying the fermentation time, the ethanol yield and the enzymes loading.
It was observed that for all processes the most sensitive design variable is the enzyme loading and that with certain advances the production cost of the SS(c)F procedures could decrease to 0.32 £/L of ethanol produced (see Figure 2 ) and thereby it would be possible to outplay SH(c)F processes. Furthermore it is obvious that there is more room for optimization for the SS(C)F processes. for the feasibility of a proposed process. In this study, kinetic models have been adopted from the literature and have been incorporated and integrated into process models. Mass and energy balance data were extracted, then, from the simulations and the overall yields and financial performance of each process were determined and compared. Dilute acid hydrolysis was selected as pretreatment method, on site production of enzymes was rejected and for the fermentation section SHcF is the preferred solution. 
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